INTRODUCTION
Space charge effects in Liquid Argon Time Projection Chamber (LAr-TPC) can arise due to the accumulation of positive ions (Ar + ), produced by ionizing tracks crossing the detector, which slowly flow toward the cathode. Ions survive in the drift region for a very long time (typically minutes) because the positive ion mobility in LAr, µ i ~ 1.6 10 -3 cm 2 s -1 V -1 , is much smaller than the free electrons one. As a consequence, electric field distortions may appear, thus hindering the possibility to produce faithful 3D images of the ionizing events. This feature is in fact ensured in TPCs by the uniformity of the electric field applied in the drift region, with the drift coordinate proportional to the drift time. The presence of space charge effects can become relevant for large TPCs operating at surface or at shallow depth, where ionizing event rate, induced by cosmic rays in the detector, is high. These effects could be of interest for the next phase of the ICARUS T600 detector, which will be deployed at shallow depth as the Far Detector for Short Baseline Neutrino (SBN) [1] experiment at FNAL, dedicated to sterile neutrino searches. The aim of this work is to search for possible effects due to space charge, by studying cosmic muon tracks recoded in 2001, when the first ICARUS T300 module operated at surface in Pavia (Italy).
THE ICARUS T600 DETECTOR
ICARUS (Image Cosmic And Rare Underground Signal) T600 detector [2] consists of a large cryostat split into two identical, adjacent half-modules (3.6 × 3.9 ×19.6 m 3 each) and filled with about 760 tons of ultra-pure liquid argon: each half-module houses two TPCs (left and right chambers) separated by a common cathode. A uniform electric field (E D = 500 V/cm) is applied to the LAr bulk. Charged particles, crossing LAr, produce ionization along their path. Thanks to the low transverse diffusion of charge in LAr, the images of the tracks, produced by ionization electron clouds, are preserved and, drifting along the electric field lines (v drift ~1.6 mm/µs), are projected onto the anode, as illustrated in figure. The TPC anode is made of three parallel planes of wires, 3 mm apart, facing the 1.5 m drift path (~1 ms drift time). Wires are oriented on each plane at a different angle (0°, ±60°) with respect to the horizontal direction. Therefore, combining the wire/drift coordinates on each plane at a given drift time, a three-dimensional reconstruction of the ionizing event can be obtained, with a resolution of about 1 mm 3 . The drift coordinate is obtained by the measurement of the absolute time of the ionizing event, with the scintillation light detection, combined with the electron drift velocity information. Positive ions are drifted toward the cathode too, but with a velocity ~2000 times smaller than the free electrons one, corresponding to a drift time of the order of seconds. If events rate is too high, ions, while reaching the cathode, can interact with ionizing electrons from other events, perturbing their drift path. A first physical run on a single T300 module was performed in 2001 in Pavia (Italy), collecting cosmic rayinduced events. The T600 detector successfully operated from 2010 to 2012 in Gran Sasso underground laboratories (LNGS), where it took data from the CNGS (CERN Neutrino to Gran Sasso) neutrino beam, to study neutrino oscillations. After the shut down of the beam, it collected data from cosmic rays up to June 2013, when the phase of decommissioning began.
DATA SAMPLE AND METHOD
To study possible space charge effects in the T600 detector, a sample of cosmic muon bundles has been considered. These data were taken during test run in Pavia (Italy), in 2001, where only a T300 module operated at surface. Muon bundles have been used because they are composed of high energy parallel muons crossing entirely the drift region. The whole sample included 129 muons. Each track was selected with a visual scanning procedure and delta rays were removed. First and last 1.5 cm of each track were not reconstructed, to avoid possible boundary dis-uniformities due to the presence of the wires and cathode planes. Muon tracks observed to bend, following a parabola, could suggest the presence of possible positive ion accumulation: in fact, due to the dependence of the electron drift velocity on the electric field, the ionization electron arrival time T sc on the anode in presence of space charge effects (apparent track in the figure), will be delayed with respect to the time T u observed in the case of uniform electric field (ionizing track in figure) . Thus, the parameter ΔT = T sc -T u is evaluated to search for possible delays. For each muon track, T sc is measured wire by wire, while T u is evaluated sketching the muon as a straight line fitting the starting 5 cm and the last 5 cm of the track, where the electric field is fixed. Then, ΔT is evaluated for every point of the remaining part of the track.
CONCLUSIONS
Results here presented suggest the presence of space charge effects inside the ICARUS T300 detector operated at surface in Pavia 2001 run, with a maximum track bending ΔT max ~ 3 mm. The analysis of a cosmic muon track sample collected underground at LNGS, where this effect should not be present, produced a ΔT flat distribution, confirming that the track distortion observed at surface could be indeed due to space charge effects. On the other hand, by analyzing the left and the right T300 chambers separately, the bending clearly appears only in the left chamber: this behaviour cannot be directly ascribed to space charge effects, and more studies will be required to fully understand the origin of the surface muon track bending. 
RESULTS AND COMPARISON WITH SIMULATION
As a first attempt to identify the possible bending of the tracks, for each cm of the drift path, the average ΔT from all tracks was calculated; the mean value of the distribution was found to be ΔT mean = 0.18 cm, with a RMS of 0.67 cm. Then, ΔT as a function of the drift coordinate was compared with a numerical simulation, in which possible electric field distortions caused by space charge were taken into account, due to high cosmic ray flux at surface. Data are in good agreement with the simulation, apart from the first and last sections, due to the ΔT calculation method. The maximum deviation from the linear fit of the tracks was found to be ΔT max = 0.34 cm. The easiest way to link these results to space charge effects is to analyze cosmic ray data collected underground at LNGS, where the cosmic ray flux is much smaller then at surface and these effects should not be present. A sample of 76 muon tracks was then analyzed as described above. As expected, in LNGS sample, the result is compatible with the absence of these effects: no deviation from a straight track was observed along the entire drift path. The mean value of the global ΔT distribution for this sample is 0.04 cm with a RMS of 0.37 cm. To better understand if the curvature measured in the Pavia surface sample was due to space charge or to other effects, the analysis was repeated by splitting data between the left (69 muons) and the right (60 muons) TPC chambers of the T300 module. The two chambers show a different distortion behaviour, suggesting the presence of phenomena (such as convection motions in the liquid) that could possibly mitigate the space charge effects and that need further investigation. 
